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ABSTRACT 
 
 In this study, we introduce the novel image-guided recording system (IGRS) to interpret the dynamics 
and distribution of neuronal activities in temporal and spatial scale. Our device was designed to integrate 
the microelectrode array (MEA) and optical coherence tomography (OCT) at the single-body upright 
microscope, which enables to image the volumetric brain anatomy and measure multi-sites neuronal 
activities simultaneously. Using IGRS, we established the time-series mapping protocol on the 3D brain 
structure after intensive image and signal processing. In order to evaluate the performance of IGRS, 
neuronal activities of hippocampal region in the brain slice were monitored, and corresponding spatial 
and temporal mapping was intuitively visualized. Through continuative experiment, it was found that 
our tool could successfully provide the comprehensive information regarding to excitable neuronal 
signals. 
 In the aspect of stimulation research, various optical methods have been introduced recently as an 
alternative technique because of spatial resolution, multiple stimulation as well as non-invasive manner. 
Among optical stimulation methods, single-photon stimulation based on caged glutamate is one of well-
known technique which uses photolysis to release neurotransmitter like a glutamate. Through the 
preliminary research, we could predict the condition of action potential firing using a photolysis 
simulation. Based on it, we introduce ball-lensed probe which have several advantages to stimulate 
neurons. This device is not expensive and can be easily used than commercial light source because it is 
made of laser module. And it is useful to apply for tissue sample and multi-stimulation because of probe 
type.  
 In summary, IGRS and ball-lensed probe would be very efficient tool to investigate and stimulate 
neuronal activities and connectivity in various fields. 
 
Keywords: Microelectrode arrays, Optical Coherence Tomography, Single-photon stimulation, Caged 
glutamate. 
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Ⅰ. Introduction 
 
1.1. Motivation 
 
 Many researchers have tried to find the reason, symptom and treatment method of neuronal disease 
like Epilepsy, Alzheimer’s disease and so on. In order to figure out, they have used disease model of rat 
and mouse in hippocampus region [1-4]. The reasons why the hippocampus is important in this field 
are that the hippocampus plays key roles in learning and memory [5-7]. 
 However, monitoring platform is not enough to observe the neuronal activities and physiological 
information in hippocampus region since it provides them respectively. In order to overcome the 
limitation, we developed Image-guided Recording System (IGRS) based on the combination of MEA 
and OCT. For practical interpretation of neuronal activities on brain structure image, we demonstrate 
experiment protocol which includes OCT imaging, image processing, neuronal activities recording, 
signal processing and mapping. We finally evaluate its performance while applying it to register spatial 
and temporal mapping of neuronal activities in hippocampal region of the brain slice. 
 After the monitoring system was prepared, we have focused on single-photon stimulation method 
which uses photolysis to release neurotransmitter. In preliminary research, we proposed the photolysis 
equation consists of the concentration of glutamate and optical stimulation parameters which include 
wavelength, intensity, and exposure time to adjust experimental conditions and predict corresponding 
neuronal activity [8]. However, this system is expensive and low accessibility to other devices. 
Therefore, we developed probe-based optical stimulator which has various advantages like accessibility, 
cost efficiency, and portability. 
 
  
 
 
 
 
 
 
 
 
 
2 
  
Ⅱ. Image-guided recording system for spatial and temporal mapping of 
neuronal activities in brain slice 
 
2.1. Introduction 
 
In neuroscience, investigating the neuronal connectivity and dynamics in the brain is essential 
component to understand its specific function. To date, electrophysiological technology has made big 
contribution to study functional connectivity, while recording intracellular and extracellular activities 
from excitable neurons [9-11]. Microelectrode arrays (MEAs) is an emerging electrophysiological 
device which allows multi-readout extracellular communications, non-invasively. The simultaneous 
recording and stimulation of large populations of neurons with long-term reliability is the most unique 
feature of MEA [12]. Since MEA also doesn’t requires sophisticated skills and environments compared 
to patch electrodes, it has been used in wide-range of applications [13-14]. At presents, many research 
groups have still made effort to develop advanced MEAs including the cost-effective device and high 
density of electrodes for presenting the detailed neuronal connectivity with the sufficient temporal 
resolution [13, 15-16]. Even though valuable information can be obtained by improved MEA device, 
there is still technical challenge for dealing with signal processing of massive data acquired from dense 
electrodes. In particular, it is significantly required to devise the efficient registration of neuronal signals 
in temporal and spatial scale while avoiding conventional method, manual drawing and mapping [17-
19]. 
Here, we demonstrate image-guided MEA recording system (IGRS) in order to provide the 
comprehensive and intuitive neuronal mapping in brain slice. Our system is based on the optical 
coherence tomography (OCT) integrated to typical MEA platform. OCT is non-invasive imaging 
modality which allows real-time cross-sectional tissue structure with micrometer-scale high resolution 
in real-time [20-21]. Since OCT relies on the inherent differences in optical scattering within tissue, 
cross-sectional or enface images can be generated without the addition of exogenous stains or probes. 
After invention of OCT, it has been intensively utilized in medical fields for diagnosing a variety of 
tissue abnormalities in early stage. In last few years, the use of OCT for visualizing anatomical structure 
of brain tissue was getting increased [22-24]. Previous works including recent our work clearly 
presented that OCT has enough resolution and contrast to delineate the multi-scale neuronal 
morphologies of brain slice. [22] On the other hands, few studies have reported the usefulness of OCT 
for confirming the presence and attachment of implanted single micro-electrode or MEA in brain and 
retina. Thus, OCT has clear feasibility and potential to visualize between MEA and brain structure. 
However, further expansion to link neuronal activity has not been carried out despite the clear need [25]. 
In this work, we first introduce image-guided recording system (IGRS) based on the combination of 
MEA and OCT. For practical interpretation of neuronal activities on brain structure image, we 
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demonstrate experiment protocol which includes OCT imaging, image processing, neuronal activities 
recording, signal processing and mapping. We finally evaluate its performance while applying it to 
register spatial and temporal mapping of neuronal activities in hippocampal region of the brain slice. 
 
2.2. Methods and Materials 
 2.2.1 Swept Source Optical Coherence Tomography 
 
Home-built imaging system is combined with upright microscope and SS-OCT (Swept Source 
Optical Coherence Tomography) to acquire 3D brain structure information. A schematic diagram of the 
experiment set-up is shown in Figure 1-1. The SS-OCT system has a center wavelength of 1060nm, 
bandwidth of 100nm and sweep rate of 100kHz. The axial and transverse resolutions of a 2D image are 
~5 μm and ~6 μm, respectively. The beam emitted from swept source was split by 50:50 fiber-optics 
coupler, guiding one to the reference mirror and the other toward to the dual-axis galvano mirrors to 
scan the brain slice. After that, laser was led to the tilted mirror which was placed between an ocular 
and objective lens (4´; NA=0.1) in the body of upright microscope. After the reflected laser from sample 
and reference converged at coupler together, it generated interference which has depth resolved 
frequency signal. Through the photo detector, the optical interference signal is converted into analog 
electrical signal and recorded through digitizer. Therefore, this setup enables users to observe the sample 
as well as take an OCT image simultaneously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
  
 
Figure 1-1. Experimental set-up. 
(A) Schematic diagram of Image-guided recording system (IGRS). (B) IGRS consists 
of SS-OCT imaging system and pMEA electrophysiological recording system. Optical 
path was inserted into the body of upright microscopy to acquire 3D image (D.M: 
Dichroic mirror; L1, L2, L3: Lens). Acquired signals from pMEA was amplified and 
analyzed in control module (Amp: Amplifier). (C) pMEA has lots of perforated holes 
and 60 electrodes lines covered in 2 mm ´ 2 mm. 
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 2.2.2 Extracellular Recording 
 
For neuronal recording, we utilized a 60-channel extracellular recording system (USB-ME64, 
Multichannel systems, Germany) mounted on the stage of upright microscope. All local field potentials 
(LFPs) and action potentials (AP) were measured at a 10kHz sampling rate using the MC_Rack 
(Multichannel Systems, Germany) software. In this program, we set 60 Hz high-pass filter as a default 
due to excluding AC frequency from voltage source. For AP analysis, 300 Hz high-pass filter was added 
to detect it and these signals were extracted by negative amplitude threshold.   
The experiment set-up was built around an inverted microscope (IX70 Olympus, Japan) including a 
customized culture chamber (Live cell instruments, Korea), 37ºC temperature controller and a 
humidified 5% CO2 gas inlet in order to enhance viability and stabilization of brain slice.  
In the part of electrophysiological recording device, pMEA (perforated Micro-Electrode Array) was 
placed on the stage of microscope to get the extracellular signals of neurons in the brain slice. It was 
composed of an 8 × 8 array with reference electrode in Ch.15. And diameter of each electrode was 30 
μm and each distance of individual electrodes was 200 μm. In addition, pMEA has a lot of holes which 
enable a sample to be clearly attached to the surface of electrodes when the negative pressure was 
applied by syringe pump. If the sample was not fully contacted on the electrodes, the space between the 
sample and electrodes could be filled with solution. Then, it could raise the noise level and analysis of 
neuronal signals could be difficult because meaningful data were covered by noise. 
 
2.2.3 Acute Brain Slice Preparation 
 
Acute hippocampal brain slice was obtained from wild-type C57BL6 mice (4 ~ 8 weeks old). The 
animals are anesthetized with 2-Bromo-1,1,1-trifluoroethane (Sigma-Aldrich, UK) and decapitated. 
The brain was removed from skull and placed in oxygenated (95% O2 / 5% CO2) ice-cold (0 ~ 5°C) 
artificial cerebrospinal fluid (ACSF; 125 mM NaCl, 26 mM NaHCO3, 25 mM glucose, 3.5 mM KCl, 
2.4 mM CaCl2, 1.3 mM MgCl2, 1.2mN NaH2PO4; pH 7.2) during slicing step. The brain was cut with 
vibrating microtome (VT1000 S; Leica, Nussloch, Germany). Coronal slices (~400μm thickness) were 
incubated in oxygenated ACSF at temperature (32~35°C) for 30 min prior to using for experiments. 
After stabilizing sample, coronal brain slice was put on the surface of pMEA with oxygenated ACSF. 
And negative pressure was applied through a lot of holes by syringe pump [26]. Entire experiment and 
animal handling was carried out according to IACUC regulation in UNIST (UNISTIACUC-17-08).  
To confirm the feasibility of extracellular recording of pMEA, 1mM 4-Aminopyridine (Sigma Aldrich) 
and 1 μM Tetrodotoxin (Sigma Aldrich) were used. 4-AP (4-Aminopyridine) is a voltage-gated K+ 
channel blocker that induces intense electrical discharges and seizure activity. And TTX (tetrodotoxin) 
is a voltage-gated Na+ channel blocker promptly eliminates neuronal firing of action potentials [27-29]. 
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2.3. Results 
 2.3.1 Images of Hippocampus with Thickness 
 
 In Figure 1-2, the images of brain slice in hippocampus region were acquired by upright microscope, 
inverted microscope and OCT. In 300 µm thickness, all imaging modality could provide the location of 
electrodes as well as information of tissue structure. As the thickness of hippocampus increase, the 
position of electrodes was not shown in upright microscope image and tri-synaptic structure was not 
shown in inverted microscope image, respectively. In case of OCT, both of information could be 
acquired regardless of sample thickness. 
 
 
 
Figure 1-2. The comparison of brain slice images in hippocampus region using 
upright microscope, inverted microscope and OCT  
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2.3.2 Action Potentials 
 
We did pharmacological experiment to demonstrate whether the signals which we acquired are real 
action potentials as comparison of number of spikes per min. As we mentioned above, 4-AP is a K+ 
channel blocker and causes epileptiform activity. In contrasts, TTX is Na+ channel blocker and inhibits 
firing of neuronal signals [27].  
In this experiment, brain slices were incubated in cold ACSF (0 ~ 5°C) to prevent excitotoxicity. Also, 
oxygen gas was supplied to the solution indirectly because the flow of it could make the sample damage 
and excitotoxic [30]. Then, one of them was placed on the pMEA with warm ACSF (32~35°C) and 
negative pressure was applied by syringe pump. At that time, if the force was too strong, the brain slice 
must be sucked through a lot of holes. Therefore, researchers had to observe the sample through 
eyepiece lens of microscopy and should raise it carefully. After 5 minutes for stabilization, the signals 
were recorded during 5 minutes with 300 Hz high-pass filter to detect action potentials in hippocampal 
region. And these spikes were sorted when its value exceeds -5 standard deviation.  
As shown in Figure 1-3, the data were extracted as much as 1000 ms from original one in channel 58 
and noise level was about ±10 μV. In case of normal condition, several spontaneous action potentials 
were observed in a second. However, the results of 4-AP and TTX showed remarkable difference of the 
number of spikes. As 4-AP was treated, a lot of bursts of the neuronal activities were detected. Contrarily, 
after TTX was added in this solution, only few spikes were checked in TTX condition.  
Then, all APs were sorted and overlapped to check the shape of spikes in Figure 1-3 (B). Totally, 
2197 spikes were accumulated at channel 58 and black line was averaged signal during 5 min. In Figure 
1-3 (C), this graph indicated that average number of action potentials had obvious difference. When 
they were calculated, the channels which did not occur any peaks were removed to minimize 
quantitative error. If total spikes number was divided by the number of whole channels, the result must 
be distorted because the number of channels which did not have any signals were included. Therefore, 
averaged value was total number of spikes at activated electrodes divided by total number of activated 
electrodes.  
Through these pharmacological experiments, we could find the change of neuronal activities which 
was related to the chemical condition. Using 4-AP, signals were activated and inhibited when TTX was 
added in same sample. It meant that we could believe the signals which we took and analyzed were 
neuronal activities. 
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Figure 1-3. The results of action potentials in pharmacological experiment.  
(A) Comparison of compressed graph of action potentials with normal, 4-AP and TTX 
treatment. All of spikes which exceed -5 standard deviation thresholds were expressed by 
blue color during 1000ms. (B) Sorted spikes from ch.58 was accumulated and black line 
was averaged data. (C) The average number of evoked spikes per min was plotted on 
graph for quantitative analysis (n=5). 
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 2.3.3 OCT images of brain slice on MEA 
 
The common way to observe the structure of brain slice is to use the upright microscope which can 
clearly visualize the surface of brain tissue as shown in Figure 1-4 (A). However, it is limited uniformly 
to examine multi-sites electrodes below the specimen due to the different regional scattering properties 
of brain tissue. In particular, it is critical when the thickness of brain slice is typically above 400 μm. 
3D OCT, visualizing the surface view as well as cross-sectional view, can be an alternative tool to 
overcome this limitation. Since OCT uses an infrared light, it inherently allows deep tissue imaging 
compared to a conventional light microscope. The typical penetration depth of OCT image is around 2-
3 mm, which is enough to image electrodes beneath brain slice. In feasibility study, 50 mm focal length 
lens was used for the comparison with the bright-field microscope image while showing the entire brain 
slice on MEA in Figure 1-4 (B). In addition, volumetric OCT image distinctly showed of hippocampus 
region covered in 2 mm ´  2 mm with 4´ objective lens while offering electrode distribution, as presented 
in Figure 1-4 (C, D). In particular, the electrodes in OCT image was presented as strong white lines 
indicating high scattering property due to metal-coated layer of electrode. Since 3D OCT was able to 
visualize the formation of electrodes and brain tissue anatomy simultaneously, it helped well to adjust 
the loading position of sliced brain tissue on MEA where we would like to observe. It could also aid to 
construct electrodes-overlaid 3D brain tissue anatomy and neuronal signal map afterwards. 
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Figure 1-4. The brain slice images of bright-field microscope and OCT.  
(A) Surface images of brain slice acquired from bright-field microscope, (B) 3D OCT 
image of brain slice. It visualizes the volumetric tissue as well as electrodes beneath 
the brain slice. (C, D) Brain tissue structure of hippocampus region in arbitrary 
direction and location with 4´ objective lens. Dashed line indicates corresponding 
sectional images at yz and xy plane. 
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2.3.4 Spatial and temporal mapping protocol of IGRS 
 
 We developed the interpretation software of IGRS for spatial and temporal mapping of neuronal signals 
on OCT images using MATLAB as shown in Figure 1-5. The mapping protocol consists of 8 different 
steps including OCT imaging, image processing and signal processing. Since OCT image of electrodes 
with brain tissue in Figure 1-4 (C, D) looks blurry, we initially acquired pMEA image using OCT to 
provide clear electrodes image before loading brain tissue. Top-view OCT image regarding to pMEA 
well visualized both the perforated holes and multiple electrodes with 2 mm by 2 mm as presented in 
Figure 1-5 (A). In order to extract the only electrodes, image segmentation processing including thresh-
holding, transformation of a gray-scale, and binary conversion was executed. Resultant image of 
electrodes was visualized as presented in Figure 1-5 (B).  
 After loading brain tissue on the pMEA, another OCT imaging was taken which visualized volumetric 
brain morphology as well as electrodes simultaneously (Figure 1-5 (C)). Since our OCT image identify 
the location of electrodes, we could confirm and match the exact position of brain tissue on the 
electrodes. Entire volumetric OCT images were projected from top-view in order to denote the brain 
anatomy and electrodes. Figure 1-5 (D) shows the projected OCT image visualizing hippocampal 
region of brain tissue as well as electrodes covering the scale of 2 mm ´  2 mm ´  400 μm. After projected 
OCT is ready, neuronal signals of brain slice were recorded by pMEA with 60 channels (Figure 1-5 
(E)). Time-series neuronal signals acquired from each electrode were then converted as two-
dimensional signal map. In order to produce color-coded signal map, neuronal signals were processed 
by bilinear interpolation which was required to make it more natural because the electrodes of MEA 
took the surrounding extracellular signals. In bilinear interpolation, it enables an area of unknown pixels 
between 2 ´ 2 electrodes to find the appropriate values of neuronal activities. Therefore, the area was 
represented by red or blue color depending on positive or negative values and each region of the point 
was easily distinguished in a color-coded signal map. Regional color-coded expressing the neuronal 
values were finally overlaid on the previous projection OCT image (Figure 1-5 (F)). In order to clearly 
visualize the anatomy of brain tissue morphology, color-coded neuronal signal map was adjusted by 
thresh-holding and transparency values (Figure 1-5 (G)). Time sequential two-dimensional IGRS map 
was finally reconstructed with repeated process (Figure 1-5 (H)). 
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 2.3.5 Measurement of neuronal activity using IGRS. 
 
As mentioned above, it was difficult to analyze the signals which were evoked simultaneously in a 
lot of channels using commercial program. Also, it became harder as the recording time increased 
because of the amount of data. Thus, it was poor to find where the electrical signals were originated 
from, how many them passed away through specific position and finally which point was destination. 
However, these limitations could be improved when we built mapping video using IGRS. IGRS which 
could show spatial and temporal information in sight was built by putting a series of spatial mapping 
image in order of the time. As shown Figure 1-6~8, we could build different type of mapping images 
depending on which data we used like action potentials and local field potentials in our system. 
In Figure 1-6, action potential signals were acquired from MEA in 60 channels and mapping images 
based on these data in normal, 4-AP and TTX treatment. In order to verify the amount of APs, different 
channel blockers such as 1mM 4-Aminopyridine (4-AP) and 1 μM Tetrodotoxin (TTX) were used. 4-
AP is a voltage-gated K+ channel blocker that induces intense electrical discharges and seizure activity. 
In other hands, TTX is a voltage-gated Na+ channel blocker promptly eliminates neuronal firing of 
action potentials. Each of the cases was recorded during 5 min and these were extracted as 1000 ms 
long. Comparing the results of Figure 1-6 (A), mapping images could provide the information more 
easily because it was visual manner. We could find that the spontaneous activities evoked at right top 
side. And more signals induced by 4-AP were detected at more broad area. Moreover, the neuronal 
activities which were not evoked in normal case were activated on the left side of hippocampus area. 
After that, most of the signals were suppressed and disappeared due to TTX treatment. Therefore, it was 
very useful to observe the responses of nerve cells in brain slice about drug and toxin. Because it could 
offer the color-coded map for showing which position was affected and how many responses were 
generated with real tissue structure. 
Local field potential (LFP) signals and waveforms acquired from DG, CA3 and CA1 region of 
hippocampus by MEA in 60 channels as shown in Figure 1-7. In the region of hippocampus, there was 
a tri-synaptic circuit which had been studied for many years. It had a primary route the signals passed 
from DG (Dentate Gyrus) to CA-3 (Cornu Ammonis-3) and CA-1 (Cornu Ammonis-1). Especially, 
within the Ammon’s horn, there is a tri-synaptic glutamatergic circuit that connects dentate gyrus to 
CA3 (via mossy fibers), CA3 to CA1 (via Schaffer’ collaterals) [31-33]. We could take the pattern of LFP 
propagation and evoked time using MEA. However, it was not enough to match the exact position as 
well as to figure out accurate propagation direction because MEA provided massive data of lots of 
electrode channels. Therefore, it meant that additional steps must be progressed to find the results we 
needed. In order to overcome these limitations and problems, we developed IGRS which can show the 
spatial and temporal map.  
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Figure 1-6. (A) Action potential signals acquired from MEA in 60 channels and 
(B) mapping image of action potentials with normal, 4-AP and TTX treatment. 
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Figure 1-7. (A) Local field potential (LFP) signals acquired from MEA in 60 
channels and (B) LFP signal waveforms acquired from DG, CA3 and CA1 
region of hippocampus. 
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Figure 1-8 (B1-6) presents a time series of mapping images indicating the propagation of 
spontaneous LFPs along the tri-synaptic circuit. In the primary route, LFPs sequentially propagated 
from DG to CA3 and CA1. Using IGRS we observed well-known spatial and temporal activity in the 
tri-synaptic circuit for 5 minutes. Spontaneous LFPs were initially detected in the DG after 24 ms with 
about +221 µV. The value of LFPs in DG increased and had a maximum up to +293 µV, which was 
clearly reflected by the red color map of IGRS at 32 ms. At the same time, positive and negative signals 
begun to generate in CA3 as shown in Figure 1-8 (B3). After 41 ms, the fully activated neuronal 
activities were displayed in all DG, CA3 and CA1 (Figure 1-8 (B4)). The LFPs of DG completely 
disappeared at 51 ms, whereas LFPs in CA3 and CA1 still remained and then decreased afterwards 
(Figure 1-8 (B5-6)). Through this experiment, we found that IGRS is a very promising tool to monitor 
dynamic signal flow over neuronal circuit due to the capability of accurate brain anatomy mapping with 
neuronal signals. 
 
 
 
Figure 1-8. A series of LFPs mapping images showing the propagation of LFP through 
tri-synaptic circuit using IGRS. 
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2.3.6 Application for Electrical Stimulation 
  
 IGRS made it easy to identify defects of brain slice since our system was based on 3D OCT image. 
Using IGRS, we could find sample defects like holes in red rectangle boxes as shown in Figure 1-9 (A, 
B). These defects were caused by syringe pump which applied negative pressure through lots of holes. 
If applied negative pressure was too high, brain slice was sucked through the perforated holes. Therefore, 
we could find sucked points at enface image and try to record neuronal signals after this sample check 
step to get better results. The condition of sample can be confirmed through our system. 
 In addition, IGRS could be applied for electrical stimulation research since it could provide 3D sample 
image as well as the neuronal activities using a spatial and temporal color-coded map. When we used 
external electrode to stimulate specific point, it was important to confirm where the spot was and how 
much the depth was. In Figure 1-9 (C) showed 3D hippocampus image with red colored external 
electrode. Also, the difference of depth was more remarkable but also accurate depth values based on 
pixel calculating as shown in Figure 1-9 (D). Therefore, calculated value of middle image was 133 µm 
and the bottom one was 344 µm. OCT image could guide the position and depth of external electrode 
to stimulate exact spot of sample. 
 Figure 1-10 presented a time series of mapping images of neuronal response caused by electrical 
stimulation. External needle electrode expressed by white triangle on the image and the neuronal 
activities was displayed continuously in time order. At first image, blue colored map signal was caused 
by negative stimulation of electrode. After 2 ms, the position near the spot of electrical stimulation was 
induced. Neuronal signals were evoked in CA1 at 103 ms with +87 µV and then, positive and negative 
values were evoked alternately in DG. Through this experiment, we found that IGRS is a very useful 
tool to check the sample defects as well as to confirm the position and depth of external electrode in 
electrical stimulation. 
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Figure 1-9. Sample defect and calculation for the depth of external needle using IGRS. 
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Figure 1-10. Temporal and spatial mapping images caused by electrical stimulation 
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2.4. Discussion 
 
 MEA have been widely used as indispensable tool to acquire neuronal activities and evaluate neuronal 
connectivity. However, there are limits to the extent to which signals couldn’t be accurately matched 
with the physical location of the sample and they couldn’t be analyzed at a glance. These provided a 
challenge for the widespread use of MEA in neuroscience field and it could affect to the originated 
position of neuronal activities and the information of signal flow. 
 Thus, in this study, we obtained accurate 3D structure information of the sample and electrodes using 
the OCT imaging technology. Based on this, the spatial reliability between the measuring device and 
the sample was established. Also, received signals were mapped on the actual image in the 
chronological order.  
 Although there was a distortion of data in interpolation step, the accuracy will be improved if we change 
the MEA which have narrow distance between the electrodes. That way, the resolution of signals 
acquired from MEA will be raised enough to cover the error. And the device which have higher 
resolution have been developed in various process methods and materials. Furthermore, when materials 
are changed, there may be problems with imaging. However, IGRS will be not affected to obtaining 3D 
information of brain tissue because OCT imaging technology is non-invasive imaging modality. 
Therefore, it can be considered free-material monitoring system.  
 In conclusion, IGRS will be very useful to find the effect of drug and toxin as well as to apply a various 
stimulation technique for neurons like electrical and optical stimulation method. Because it can provide 
the dynamic change of neuronal activities at specific position using visual medium. Also, it is possible 
to enhance understanding of neuronal circuit because it can be observed with signal flow and the actual 
sample image of the brain slice. We believe that IGRS is applicable to various neuronal experiments 
and will be useful in this field. 
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Ⅲ. Single Photon Stimulation For Neuronal Activities Using a Ball Lensed 
Probe With Visible Light 
 
 
3.1. Introduction 
 
 In neuroscience, the connection of neuronal network is important for understanding structural and 
functional distribution of brain [34-36]. To date, electrical stimulation and recording methods have been 
used as indispensable tool to evaluate neuronal connectivity. Recently, various optical methods have 
been introduced as an alternative technique, due to its spatial resolution, multiple stimulation as well as 
non-invasive manner for single neuron manipulation [37-39]. Among optical stimulation methods, 
single-photon stimulation based on caged glutamate is one of well-known technique which uses 
photolysis in order to release neurotransmitter [40-44]. Although it offers high yield and simple 
stimulation procedure compared to existing electrical method, it has restriction to utilize various 
neuronal research because of complexity to find optimal experiment conditions varying the optical 
wavelength and type of glutamate. In preliminary study, we propose the photolysis equation to adjust 
experimental conditions and predict corresponding neuronal activity. Our equation consists of the 
concentration of glutamate and optical stimulation parameters which include wavelength, intensity, and 
exposure time. Furthermore, we compare the numerical and experiment results with given stimulation 
parameters [8]. 
 However, several problems and limitations were remained like high expense and low accessibility to 
other system. Therefore, we developed probe-based optical stimulator which has various advantages of 
accessibility, cost efficiency, portability. Before the manufacturing of it, optical path of fiber was 
simulated by ABCD matrix to design beam diameter and wording distance. In addition, ball lensed 
probe was controlled by piezo motor to induce photolysis of caged glutamate.  
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3.2. Methods and Materials 
3.2.1 Photolysis of caged glutamate in single-photon stimulation 
 
 L-glutamate is the most abundant excitatory neurotransmitter in the nervous system [45-46], as its 
release at the synapses deliver electrical signals chemically from presynaptic to postsynaptic neurons. 
Therefore, excitatory chemical synapses evoke an excitatory postsynaptic potential (EPSP) on the 
postsynaptic neurons. Photolysis of caged glutamate as one of photo-stimulation techniques mimics 
synaptic activation by photo-release of L-glutamate [43]. In order to enhance the comprehension of our 
experiment, Figure 2-1 described glutamate receptor and the mechanisms of glutamatergic excitation 
in the nerve synapses briefly [47-48]. 
 Action potential in the presynaptic neuron induces the release of glutamate from the presynaptic 
terminals. The released glutamate binds to glutamate receptor located at the postsynaptic membrane. 
AMPA and kainite receptors permit conduction of sodium ions, which depolarize EPSP of the 
postsynaptic cell. The depolarization through the above receptors initiate the relief of magnesium ions 
that block NMDA receptors, and NMDA-receptor mediate a calcium ion in the extracellular 
environment. Finally, calcium which is a central messenger molecule activates second-messenger 
signaling pathways in the postsynaptic cell, retaining persistent activation of two protein kinases and 
taking in glutamate actively on the postsynaptic neuron [49-50]. In summary, Figure 2-1 explains the 
mechanisms of glutamatergic synapses in the axon terminals. 
 In this study, principle of single-photon stimulation was released glutamate by applied visible light 
through ball lensed probe. There are two kinds of caged compounds which are pre-chemicals to be 
released into glutamate like MNI-glutamate and Rubi-glutamate as shown in Figure 2-2. When MNI-
glutamate and Rubi-glutamate were exposed by excitation wavelength, glutamate connected amine 
group with other bulk compounds was divided. Afterward, released glutamate could be a 
neurotransmitter to stimulate neighbor neurons at excitation point. 
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Figure 2-1. The mechanisms of glutamatergic synapses in the axon terminals [47] 
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Figure 2-2. MNI-glutamate and Rubi-glutamate used in this research as pre-chemical and 
schematic of single-photon stimulation in commercial and optic fiber. 
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 3.2.2 Primary Cell Culture 
 
Hank’s Balenced Salt Sodium (HBSS) (Gibco, USA) 
B27 supplement (Gibco, USA) 
Neurobasal Medium (Gibco, USA) 
 Sprague-Dawley rats (Hyochang Science, Korea) 
 Trypsin-EDTA (Gibco, USA) 
 GlutaMAX™ Supplement (Gibco, USA) 
 Primocin (InvivoGen, USA) 
 Micro forceps and micro scissor 
 
 Entire experiment and animal handling was carried out according to IACUC regulation in UNIST 
(UNISTIACUC-17-08). After carbon dioxide (CO2) anesthesia treatment, primary hippocampal 
neurons were isolated from rats of embryonic day 17 ~ 18. The rat brains were removed from the 
embryos and their hippocampal neurons were rapidly dissected from cortex at 4 °C in HBSS. After 
being dissociated in 0.25 % trypsin–EDTA solution for 15 min in a water bath at 37 °C, DMEM 
containing 10% horse serum was added into solution to stop the effect of trypsin. Then, the cells were 
transferred into culture media containing neurobasal media supplemented with B27 (20 mL/L), 
GlutaMax (2.5 mL/L) and Primocin (100 μg/ml). The neurons were incubated at 37 °C in air containing 
5 % CO2 for 7 ~ 14 days before experiment. 
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3.3. Results 
 3.3.1 Fiber Optic Simulation & Measured Data 
 
 Fiber optic simulation was processed by MATLAB (MathWorks, USA) using ABCD matrix [51-53]. 
In order to obtain for the beam waist and working distance (WD), Gaussian optics can be expressed as 
below: 
  
z represents the distance of the given transverse plane from focal point and z0 means the Rayleigh range. 
When a Gaussian beam expressed by q1 passes through optical components represented by an ABCD 
matrix, output q2 of the beam is written as 
 
 
In our experiment, we used a single mode fiber with a Gaussian beam. Beam waist has a minimum 
value because it is at focal length. Therefore, parameter can be represented by: 
 
  
 
z01 is the Rayleigh range of the initial Gaussian beam. nf, w0, and λ means the refractive index of the 
ﬁber core, the beam radius at the ﬁber core, and the wavelength of the guided beam. The beam 
parameters of the propagating light in a probe is written as 
  
 
From this equation, the WD can be calculated by taking the negative of real part as shown in zw 
  
  
The imaginary part of q2 means the new Rayleigh range z02 at the focal point, which represents the beam 
waist at the focal point.  
 
 
Finally, the beam waist in terms of the initial waist can be calculated as w02 
  
 
w01, ns represents the initial beam waist in the input plane and the refractive index of the medium (water 
or air) at the output plane.  
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The parameters of simulation: 
(Refractive index of the silica) 
(Refractive index of the air) 
(Refractive index of the water) 
(Length of the CSF; µm) 
(Wavelength of laser module; µm) 
(Initial beam waist from the SMF; µm) 
 
Figure 2-3. The results of fiber optic simulation with air and water medium. 
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 3.3.2 Ball Lensed Stimulator Manufacturing  
 
 
 Schematic diagram of manufacturing step and image of ball lensed fiber was shown in Figure 2-3. 
There are two kinds of materials to build a ball lensed fiber, single mode fiber (SMF) and coreless silica 
fiber (CSF). SMF (diameter of core/cladding: 3.3 μm / 125 μm) is an optical fiber designed to carry 
light only directly down the fiber in transverse axis and CSF is used to expand the beam diameter as a 
spacer. When ball lensed fiber was fabricated, there were Clearing, Fusion, Cleave, Terminal steps. 
 At first, outer jacket and coating of the SMF must be stripped by wire stripper since SMF consists of 
fiber core, glass cladding, buffer coating and outer jacket. Then, the end of fiber was cut by fiber cleaver 
(Fiberoptic, China) to be neatly cut off. And it was put on the stage of fusion splicer (Fitel, Japan) and 
debris clearing step was processed under 10 mV of arc power and 50 ms duration time.  
 In second step, CSF which was also neatly cut off by fiber cleaver was loaded on the opposite stage of 
the SMF. After one more debris clearing step, the end of SMF and CSF was aligned straightly by 
controlling of x and y axis motor. Then, two kinds of fibers were fused under 110 mV of arc power and 
950 ms of duration time. 
 After that, SMF-CSF fused fiber was cut by fiber cleaver at the point where CSF length could be 1000 
µm as we simulated in Figure 2-3. After that, debris clearing step must be processed. Finally, remained 
fiber was aligned between two discharging probes to be fully affected by them. Arc discharge under 90 
mV of arc power and 650 ms of duration time was applied to manufacture ball lensed optical fiber. 
 Figure 2-5 shows that Schematic diagram and the image of ball lensed stimulator with a piezo motor. 
The hardware of stimulator was designed using SolidWorks (Dassault System, France) and built by 3D 
printer. Fully developed fiber and piezo motor (Faulhaber, Germany) to control focal point were 
assembled with hardware of stimulator and the real image of it as shown in Figure 2-5 (C). 
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Figure 2-4. Schematic diagram of manufacturing step and image of ball lensed fiber.  
(A) Fiber fusion and ball lens were built by arc discharge (SMF; single mode fiber, CSF; coreless silica 
fiber). (B, C) The end of ball lensed fiber was compared with a coin expanded image. (D) Ball lensed 
optical fiber was made from SMF (S405-XP, Thorlabs), CSF (FG125LA, Thorlabs) and fabricated by 
fusion splicer (Fitel, Japan). 
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Figure 2-5. Schematic diagram and the image of ball lensed stimulator with a piezo motor.  
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3.4. Discussion 
 
 In neuroscience, there are lots of optical stimulation methods which offers high yield and simple 
stimulation procedure compared to electrical methods. Among optical stimulation methods, single-
photon stimulation based on caged glutamate is well-known technique which uses photolysis to release 
glutamate as a neurotransmitter. Although its characteristics are spatial resolution, multiple stimulation 
as well as non-invasive manner, commercial stimulation technique has several weakness points than 
probe-based optical stimulator. 
 Firstly, many researchers used UV wavelength as a light source though it caused damage to the neuron 
cells. In preliminary study, we propose the photolysis equation to adjust experimental conditions and 
predict corresponding neuronal activities with a visible wavelength. Therefore, we used the visible light 
of 405 nm, 450 nm, and 520 nm wavelength in instead of UV to prevent cell damage. In order to expect 
and manufacture ball lensed fiber, we simulate beam diameter and working distance at a focal point. 
 In addition, we developed probe-based optical stimulator which has various advantages of accessibility, 
cost efficiency, portability because it consisted of replaceable laser modules and piezo motor. 
Differently from bulk light source, our device was just composed of fiber type, portable laser module, 
and piezo motor. Therefore, probe-based optical stimulator is highly accessible, portable, and has low 
cost to study optical stimulation for primary cultured neurons. 
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Ⅳ. Conclusion 
 
 We introduced IGRS combined MEA and OCT which enable automated and intuitive registration of 
neuronal activities on brain structure image. The performance of IGRS was evaluated by presenting the 
efficient spatial and temporal interpretation regarding APs and LFPs of hippocampal region in brain 
slice. Through our pilot study, we convinced that IGRS and mapping protocol are well adaptable tool 
to high-throughput MEA system and massive data process. 
 In addition, we developed ball lensed optical stimulator to apply the focused beam inducing neuronal 
activities. The parameters of fiber components and manufacturing conditions were simulated, and the 
hardware of stimulator with piezo motor was developed. Furthermore, the spec of stimulator was 
evaluated. 
 In conclusion, we introduced IGRS for monitoring of neuronal activities in brain slice and optical probe 
for stimulating of primary cultured neuron. 
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